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Introduction
The absorption cross-section (ACS) describes how much power a plane electromagnetic (EM) wave deposits in the human body. It is closely related to the whole-body averaged specific absorption rate (WBSAR), which is one of the most important parameters in international guidelines that limit exposure to non-ionising radiation (ICNIRP 1998) . ICNIRP adopts a basic restriction of 0.08 W/kg on WBSAR in the frequency range 10 MHz to 10 GHz for public exposure in order to avoid adverse health effects due to heating. Above 10 GHz, where the interaction is confined to the body surface, the external power density is taken as the basic restriction and the associated limit is 10 W m -2 . For a given subject, ACS and WBSAR vary with frequency and the direction and polarisation of the incident wave. Most studies consider the worst-case geometry for the angle of incidence and polarisation since this is the salient case for exposure assessment and compliance with the basic restrictions in the guidelines; typically for WBSAR this is a vertically polarised electric field incident from the front of the body with its wave vector parallel to the ground. ACS and WBSAR can be estimated using analytical methods at low frequencies and with geometric optics approximations in the high frequency limit, using simplifying assumptions about body shape and internal anatomy. These assumptions are usually made in such a way that the predictions are conservative with respect to the worst case exposure. The geometric optics (GO) regime, in which more efficient asymptotic computational methods can be applied, is not fully established for whole body exposure until at least 10 GHz, as demonstrated by our results.
In recent years numerical techniques, such as finite-difference time-domain (FDTD), have been widely applied to the calculation of WBSAR and the assessment of compliance with the safety guidelines in particular exposure scenarios: A recent review is given by Hand (2008) . One of the primary aims of such studies is to determine if the external reference levels are conservative with regard to the basic restriction on SAR in particular scenarios or in cases where reference levels are exceeded to establish compliance with the basic restriction and derive bespoke guidelines for the specific scenario. This approach can yield accurate results, but for a limited range of numerical phantoms and electrical parameters for the tissues (Dimbylow et al 2008) . Such approaches require considerable computational effort, especially at higher frequencies which necessitate a finer numerical discretisation, and new phantoms with different anatomies are expensive to develop as noted by Hirata et al (2008) . Numerical phantoms are also difficult to transform into different body postures while maintaining the correct internal anatomies (Findlay and Dimbylow 2005, Nagaoka and . Most studies have been limited to considering a few angles of incidence and polarisations, typically the worst-case for WBSAR exposure, though more recent studies have varied the direction of incidence (Uusitupa et al 2010 , Conil et al 2011 , Wang et al 2012 .
Phantom internal morphology has been found to be an important factor in the determination of WBSAR (Dimbylow et al 2008 , Conil et al 2008 . El Habachi et al (2010) conclude that internal morphological parameters are equally important as external parameters for building surrogate models for WBSAR applicable to whole populations and that obtaining the statistical distribution of WBSAR for a given population is therefore very difficult; they therefore propose an approach based on randomised internal morphology. El Habachi et al (2010) also point out that numerical phantoms have not been chosen according to experimental design methods and therefore there is a need to test the results predicted by phantom simulations against real populations in order to assess the validity of surrogate models determined from the limited range of phantoms available. This is particularly the case for families of phantoms where scaling is employed and a diverse range of internal anatomies may not be sampled (Dimbylow et al 2008) . Hence there is a motivation to develop a measurement-based approach in the frequency band up to 10 GHz to validate the predictions of simulations used in human exposure assessment and the surrogate models determined from them across real populations of subjects. A direct measurement approach also allows statistical information about individual exposure and morphology to be collected, which could be of use in epidemiological studies of environmental exposure of populations.
ACS and WBSAR are hard to measure in-situ with real subjects; however, reverberant environments provide an opportunity to accomplish this. The need to study non-ionising exposure in real environments, rather than unrealistic worst-case scenarios, has already led to increasing interest in reverberant environments (Neubauer et al 2009) . Reverberant environments allow the average (over angle of incidence and polarisation) power absorbed by a subject to be measured directly and hence the correspondingly averaged ACS and WBSAR to be determined. Henceforth when we refer to "average" ACS or WBSAR it will be this average over directions and polarisations rather than a whole body average unless explicitly stated otherwise. The EM fields in such environments are expected to follow Rician statistics, with a 'K-factor' that characterises the relative contributions of the direct and multiplyreflected waves, also called the 'diffuse multiple channels' and 'line of sight' paths (Bamba et al 2013) . So far this approach has mainly been applied to in-situ estimation of average absorption , Bamba et al 2013 . The only precise laboratory based average ACS measurement studies we are aware of are by Wang et al (2012) and Senic et al (2013) . Wang et al. (2012) measured only three spot frequencies and a single volunteer and Senic et al (2013) considered a single grounded subject over a large range of 0.2-8 GHz. While such measurements do not allow the direct determination of worst-case WBSAR, corresponding to the particular direction and polarisation of wave that give the maximum absorbed power, it is still possible to use average ACS to quantify the variability of power absorption across a real population and to investigate its dependence on external morphological parameters. Statistical information on the dependence of ACS on internal morphological parameters can also be obtained.
In this paper we apply a metrological reverberation chamber to high accuracy controlled measurement of average ACS/WBSAR, thereby allowing many of the underlying assumptions and uncertainties of numerical approaches to WBSAR determination to be tested against a real population of subjects including varied body shapes, postures, internal anatomies and electrical parameters (which depend on age, body hydration and other physiological parameters). Our measurement technique, originally developed to investigate the effect of human bodies on radio propagation in aircraft , has been optimised for fast high accuracy controlled laboratory measurement of ACS over a broad frequency range (Melia 2013) . In previous work we measured the average ACS of 9 bodies with a total measurement uncertainty of over 10 % and long measurement time that led to large systematic uncertainties due to posture variation during the measurement. We have now investigated a much larger group of 60 subjects with our optimised methodology over the frequency range 1-12 GHz, which includes the intermediate frequency regime in which standing waves in the fat layer affect ACS most strongly. The lower frequency limit of 1 GHz is determined by the size of the measurement apparatus and could in principle be reduced, though other effects will ultimately restrict this to a few hundred megahertz. Our measurements were taken to frequencies above 10 GHz, the maximum frequency of the ICNIRP basic restriction on WBSAR, in order to allow the GO limit to become more fully established as an aid to validating the expected correlations of ACS with body surface area. Most reported studies of WBSAR are limited to frequencies below 3-6 GHz so the measurements above these frequencies provide new confirmation of the expected trends at the higher frequencies of the ICNIRP guidelines. The results are compared to other ACS and WBSAR studies. We have also investigated possible correlations between average ACS/WBSAR and easily measured body parameters such as mass and height, as well as indirectly estimated quantities including body surface area and subcutaneous fat thickness.
Absorption cross-section

Definition of ACS
The absorption cross-section of the body for a linearly polarised plane-wave with power density i S incident from direction with spherical polar angles     , is defined as
where P a is the total power absorbed in the body. Here p denotes the polarisation direction of the wave and the power density is the product of the root-mean-square electric and magnetic field amplitudes of the plane-wave. A related quantity is the whole-body specific absorption rate (WBSAR) which is the absorbed power divided by the mass of the body m:
In a reverberant environment there are multiple reflections and many EM waves are incident on the body simultaneously from different directions and with different polarisations. The relevant parameter is then the ACS averaged over all polarisations and directions of incidence, a  . In the case of an ideally reverberant environment, as closely approximated by a metrological reverberation chamber used in this study, statistically equal power density is incident from every direction and with each polarisation (Hill 2009). The average ACS is then given by
where the polarisation average is taken over two independent polarisation directions, transverse electric (TE) and transverse magnetic (TM), to the plane of incidence (Carlberg 2004).
2.3 Absorption efficiency and the geometric optics limit
In the GO limit, where the wavelength is much shorter than the radii of curvature of the body (above about 10 GHz for whole body absorption) and assuming that no power is transmitted through the body, the average absorption cross-section of a homogeneous body will become proportional to the average silhouette (or projected) area G (Bohren and Huffman 1998) :
The proportionality constant is defined as the average absorption efficiency, <Q a >, and is related to the average reflection coefficient at the body surface, 2  , by 2 a 1    Q (Bohren and Huffman 1998) . For a tangentially inhomogeneous body the average absorption efficiency will become an average over different tissues layer thicknesses, weighted by the proportion of surface area with each thickness distribution.
For any convex solid object, it can be shown that <G> is equal to one quarter of its total surface area (Vouk 1948) . This is also an upper bound on <G> for a non-convex body (Taylor et al 2006) . Defining a shadowing factor 
The shadowing factor can be estimated as the proportion of the total surface area of the body that is illuminated by the reverberant field. Tomita et al (1999) provide data on the distribution of surface area across different body regions. Using their data for a sitting posture and assuming that one third to one half of each arm (7.5 % of BSA) and each leg (17% of BSA) is shadowed we estimate that
Also in the GO limit, assuming that the absorption efficiency of the body does not vary much over the body surface, we can estimate maximal ACS for frontal illumination with a single vertically polarised plane-wave from the average ACS in a reverberant environment using the ratio of maximum to average silhouette areas Tomita et al. (1999) also give an empirical linear model for BSA in terms of frontal silhouette area:
. Using (5) 
. This ratio is important for aligning worst-case ACS and WBSAR data with average data measured in a reverberation chamber; it is discussed further in Section 5.
Methodology
ACS measurement in reverberation chamber
The measurement technique has been described in detail by Melia (2013) and uses the experimental configuration shown in Figure 1 . A screened room (4.70 m  3.00 m  2.37 m) acts as a resonant cavity with many modes excited simultaneously; a purpose-built paddle or "mode-tuner" perturbs the field patterns, randomising the directions of incidence to which the subject in the chamber is exposed. The total power injected into the room is low enough to ensure that human exposure is well within international guidelines (ICNIRP 1998).
The measurement parameters were optimised to provide rapid and accurate average ACS measurements (Melia 2013) . The measurement time per subject is about seven minutes: A relatively short measurement time is essential so that the subjects can maintain a steady body posture throughout the measurement. At each frequency we obtain the average ACS, and its statistical uncertainty, by the method of Carlberg et al (2004) . The overall statistical measurement uncertainty was 3 %. The complete measurement system and processing algorithms were validated using a spherical phantom (Melia 2013) . Subjects were seated on polystyrene blocks which provide low-permittivity, low-loss support and also fulfil the requirement of keeping the subject's feet a distance of at least /4 from the floor (7.5 cm at 1 GHz). Subjects wore a single layer of light cotton clothing. They were asked to remove shoes and extra clothes, along with the contents of their pockets, metal objects such as belt buckles, and any jewellery. All subjects adopted the same sitting posture, illustrated in Figure 1 . This posture was chosen to make it easier for the subjects to minimise movement during the measurement. The effects of variations in body posture and clothing on the ACS measurement have been investigated and quantified (Melia 2013) . The systematic errors were estimated as 3 % for posture variation and 2 % for subject clothing. For a male subject of mass 72 kg and height 1.8 m the sitting posture has a 4-17% lower average ACS than a standing "star" posture with arms and legs outstretched over the frequency band 1-12 GHz (Melia 2013) . The ACS of a standing posture with legs together and arms by the side is on average about 10 % higher than the chosen sitting posture over then frequency band.
Human subjects
Sixty adult volunteers (self-selecting) were recruited locally after obtaining ethical permission. The group was not designed to be a representative sample of a particular population, but we did attempt to get a variety of different body types for investigating correlations. There were 36 males and 24 females. Ages ranged from 19-71 years. Table 1 summarises the morphological parameters of the subjects. The primary external morphological parameters measured were mass, m, height, h, and waist circumference, W. Mass was measured with electronic scales (Salter Electronics, Tonbridge), validated against a second balance (MK Scales Ltd, Milton Keynes) showing a difference of less than 0.5 %. Height was measured with a ruler, to a precision of 1 cm and waist circumference was found with a tape measure to a precision of 2 cm. Body mass index (BMI) was obtained from
Surface area is hard to measure directly without special equipment which we did not have, so instead we estimated it from h and m using the formulas of Tikuisis et al (2001) :
where mass and height are in kg and m. This model is based on a much larger sample of people than the widely used Du Bois-Du Bois formula (Du Bois and Du Bois 1916) .
A secondary internal morphological parameter, the mean thickness of the subcutaneous fat layer, was also investigated. The proportion by mass of fat in the body,  BF , was estimated from an empirical formula obtained from dual X-ray absorptiometry scans (Gallagher et al 2000) :
 y 
where g is 1 for male and 0 for female and y is age in years. The proportion of this fat,  SF , that is subcutaneous is estimated at 0.85 (Thomas et al 1998) , and its density  fat is approximately 900 kg/m 3 (Heymsfield et al 2005) . Thus by obtaining the volume of subcutaneous fat and dividing by body surface area, we can estimate its average thickness from:
A Shapiro-Wilk normality test on each morphological parameter of the study group rejects the null hypothesis of a normal distribution for BMI and d SF (p-value < 0.05). Normality of the distribution of masses is marginally not rejected.
Quantile-quantile plots of the distribution of four of the morphological parameters against reference population data for the United Kingdom are shown in Figure 2 (Ruston et al 2004) .
We have compared to the reference data averaged over all age groups. Compared to this population the study group is somewhat underweight, though height is reasonably well dispersed. The BMI and waist circumference are also correspondingly lower in the sample.
Figure 2.
Quantile-quantile plots of the study group morphological parameters compared to UK population data (Ruston et al 2004) . Figure 3 shows the average ACS of some of the subjects plotted against frequency. To make the graph clearer we have selected only nine of the subjects, with a range of body masses. As expected, the heavier subjects tend to have a larger ACS. The other subjects showed a similar We investigated the correlation of average ACS with the morphological parameters mass, height, waist circumference, BMI, estimated body surface area and estimated thickness of subcutaneous fat. Table 3 gives the coefficients of determination (R 2 ) for single linear regression of average ACS on each parameter. The strongest correlations were with surface area and as expected the correlation is generally greatest at higher frequencies where both the wavelength and the penetration depth are much smaller than typical body dimensions, so the interaction with the EM waves should be primarily a surface effect. Note that the strength of the correlation with BSA may be limited by the use of an empirical model to determine BSA. The maximum error of the linear models on BSA over the study group subjects is -30%/+16%. 90% of the subjects are within about ±15% of the model prediction. Notably, the intercept of the linear model is statistically significant at frequencies below 5 GHz, contrary to the direct proportionality often assumed in surrogate models at these frequencies (El Habachi et al 2010) . Note that on physical grounds we would expect that average ACS becomes directly proportional to average silhouette area and therefore BSA in the GO limit. In particular this means that the direct proportionality will only be valid for BSAs above a threshold at which the body is large enough for the GO approximations to hold true. The onset of this behaviour at about 5 GHz is consistent with the GO view of whole body absorption since the body's main radii of curvature (those corresponding to the main areas of absorption) will not be smaller than a wavelength at frequencies below 5 GHz.
Results
Average ACS distribution
Strong correlations were also found between average ACS and body mass. In particular at 1 GHz the correlation with mass is slightly higher than for BSA. Correlations with linear body scale parameters (height and waist) were a little weaker and the correlation with BMI was poor in all but the 1 GHz band. Step-wise multiple linear regression models for average ACS using different sets of predictor variables were investigated. Generally it was found that if mass and height are included in the regression then adding waist circumference or BSA (which may be expected to have some colinearity with mass and height) does not improve the coefficient of determination. Very similar coefficients of determination can be obtained using mass and height or BSA and BMI in the regression and gender usually has a beneficial effect. Since BSA was estimated from an empirical formula and is difficult to measure, the regression on height, mass and gender is potential more robust and practically useful and is presented in Table 4 . Figure 4 . A Shapiro-Wilk normality test in each band marginally rejects the null hypothesis of a normal distribution of average WBSAR at the 5 % significance level in the 3 GHz band. For comparison the ICNIRP basic restriction on worst-case WBSAR for public exposure below 10 GHz is 0.08 W kg -1 (ICNIRP 1998). At 2 GHz, where the ICNIRP reference level tends to be least conservative, the maximum average WBSAR measured was about 60 % of the basic restriction (note that the reference level is reduced according to a linear tapered below 2 GHz). Allowing a worst-case to average ratio of 1.6 the maximum worst-case WBSAR in the study group at 2 GHz is below the basic restriction. Table 5 gives the coefficient of determination for a linear regression of average WBSAR against each morphological parameter. The strongest correlation at 3 GHz and above is with inverse BMI, though the correlation with BMI itself is only slightly weaker. There is a moderate correlation with mass at all frequencies. The maximum error of the linear model on inverse BMI over the study group subjects is -25%/+20%. 90% of the subjects are within about ±13% of the model prediction at 2 GHz and above.
Absorption efficiency
Average absorption efficiency, calculated from equation (6), is plotted against frequency for all subjects in Figure 5 , taking  s = 1. The plots necessarily follow the same frequencydependence as those of average ACS. The spread of values at each frequency point, particularly at frequencies above 8 GHz, is indicative of the real variability in absorption efficiency of the subjects. Figure 6 shows the statistical distribution functions of absorption efficiency in the different frequency bands. A Shapiro-Wilk normality test on the distribution of absorption efficiency does not reject the null hypothesis (p-value < 0.05) of a normal distribution in any frequency band. There appears to be a potential outlier in the < Q a > dataone subject has particularly low absorption efficiency, especially above 6 GHz. The outlier is 3.6 standard deviations from the mean at 9 GHz. A Grubbs test rejects the null hypothesis that there is no outlier (p-value < 0.05) for the 7-11 GHz bands. Since the study group data was anonymised further investigation of this subject was not possible. Since the same subject's ACS is not identified as an outlier in the lower frequency bands and all the data was collected simultaneously the outlier was not removed from any of the data analysis in this paper. The absorption efficiency was correlated with morphological parameters in each frequency band. Table 6 gives the coefficient of determination for each parameter. Above 3 GHz the only statistically significant correlation (p-value < 0.05) with R 2 > 0.2 is with estimated subcutaneous fat thickness. Hirata et al (2010) have previously correlated worst-case WBSAR with body fat percentage at the whole-body resonant frequency. The overall absorption coefficient of the body surface is highly dependent on reflections between the layers of tissues at these frequencies. At 1 GHz the strongest correlation is with height while at 3 GHz there is some correlation with BMI. 
The maximum relative error between the predictions of this model and the measured average ACS for each subject in the study group is -23% / +17%. 90% of the subjects are within ±12% of the model prediction. This is only a slight improvement on the linear model for average ACS based directly on BSA.
Since females generally have higher body fat percentages than males it is interesting to compare how the measurement results vary between genders (Figure 7) . The average ACS of female subjects is generally lower than that of males in all the frequency bands, particularly at the higher frequencies. This is to be expected from the generally smaller body size of females. When the average absorbed power is normalised by BSA as absorption efficiency the trend is different. Females have slightly higher absorption efficiency in the 1 GHz band and lower at 5 GHz and above. In the 3 GHz band the absorption efficiencies are very similarly distributed. When the average absorbed power is normalised by mass as average WBSAR there is little difference between males and females at 3 GHz and above -the lower absorption of females is compensated by their lower mass. However, at 1 GHz females generally have higher WBSAR.
Figure 7.
Gender dependency of average ACS (top), average absorption efficiency (middle) and average WBSAR (bottom) depicted as notched boxplots in each frequency band. Male subjects are shown on the left of each band with white boxes and female subjects on the right with grey boxes. Data points marked with circles are outside 1.5 times the interquartile range.
Comparison and discussion
There are few reported studies, either experimental or numerical, that determine ACS averaged over polarisation and angle of incidence directly or provide enough information to calculate it indirectly without assumptions about worst-case to average ratios or the angular dependence. Table 7 summarises how the average ACS from these studies compares to our measured values. Our previous study measured the average ACS of 9 subjects at 1-8.5 GHz with less accuracy than the present study. Figure 8 shows the average ACS of the homogeneous and heterogeneous male phantoms in Uusitupa et al (2010) compared to the measured average ACS of subjects of similar mass. An unweighted average of the ACS values for different directions of incidence and polarisations reported by Uusitupa et al is biased due to the non-uniformity of the directions sampled. An unbiased estimate of the average ACS was determined using a weighted average based on an ellipsoidal model for the silhouette area as a function of direction as described in Melia et al (2012) . The unbiased average for the heterogeneous phantom is in good agreement with the measurement data. Using this unbiased estimate of the average the ratio of worst-case to average ACS/WBSAR can also be estimated from the heterogeneous phantom data in Uusitupa et al as 1.8 at 300 MHz and about 1.6 at 500 MHz and above. This result is consistent with the observation of Harima (2012) , that the WBSAR of a single adult male in a reverberation chamber was approximately 50% of the worst-case WBSAR. This ratio is used to align worst-case and average ACS/WBSAR data below. Other measurements using reverberant techniques at frequencies up to 4 GHz have been presented by Bamba et al (2012) , Wang et al (2012) , Harima (2012) and Senic et al (2013) . Values averaged over a very broad range of 3-8 GHz have been obtained by Andersen et al (2012) . Our average ACS results are in good agreement with the measured average ACS of Wang (2012) and Harima (2012) , but generally lower than the measured average ACS of both Bamba et al (2012) and Andersen et al (2012) . The latter two studies were designed to estimate in-situ ACS in real environments with both direct line-of-sight (LOS) and nonuniform diffuse fields incident on the subjects. Andersen et al (2012) find ACS varies from 0.24 m 2 to 0.36 m 2 depending on the antenna locations, which is indicative of the non-ideal reverberant environment used in their study. More recently the same authors have quantified the relative contribution of stochastic and non-stochastic components to the estimated WBSAR (Bamba et al 2013) . In our measurements the non-stochastic contributions to the ACS have been minimised to give an accurate determination of the average ACS (Melia 2013) . Senic et al (2013) measured the ACS of a single subject of mass 72.5 kg and height 1.79 m over 0.2-8 GHz with an estimated statistical error of about 13%, however their subject was grounded so the results are not directly comparable: The average ACS of their grounded subject is typically 50 % higher than the median of our ungrounded subjects, which is somewhat higher than the typical increase of in ACS at the resonant frequency of 10 % found for worst-case WBSAR for grounded versus ungrounded phantoms in numerical simulations (Hirata et al 2012) .
Figure 8.
Comparison of average ACS calculated from the data in Uusitupa et al (2010) to the most closely matched (in mass) male subjects from our study. Data for both the heterogeneous (mass 72.24 kg) and homogeneous (mass 68.55 kg) male phantoms are shown using both un-weighted biased and weighted unbiased averages as described in the text. Hirata et al (2007) have investigated the correlation between ACS and body surface area for humans at far field exposure using numerical phantoms: A linear fit of their simulated worstcase ACS to BSA at 2 GHz gave Assuming a worst-case to average ACS ratio of 1.6, as determined from data in Uusitupa et al (2010) above, we can align the models for worst-case ACS found by Hirata et al (2007) and El Habachi et al (2010) with our average ACS models as shown in Figure 9 . While the exact relationship between worst-case and average ACS is likely to depend somewhat on body shape this scaling allows the dispersion of the measured data to be assessed against the literature worst-case data. The overall dispersion of our measurement results is bounded by the range of the linear models over the different phantom families found by El Habachi et al (2010), however, its range at each BSA is generally less than that across all the phantoms. Our data is quite centralised with the models of El Habachi et al (2010) using a worst-case to average ratio of 1.6 and a little lower than the model for NORMAN which is based on a subject from the same population as the subjects in the study. Conil et al (2008) . The worst-case WBSAR of each subject is assumed to be 1.6 times higher than the measured average value at all frequencies to allow comparison of the dispersion between our measurements and literature values. A vertical line indicates a range with markers at the extreme values.
In order to compare our average WBSAR data with the literature on worst-case WBSAR we have again scaled the average WBSAR of each individual by a factor of 1.6 at every frequency. Figure 10 shows this comparison for some recent numerical phantom studies. For El Habachi et al (2010) we have shown the range of average WBSAR across all the phantoms for BSAs over the range of our study group. This data aligns well with the measurements using the worst-case to average scaling ratio of 1.6. Generally the numerical simulation results are well dispersed amongst the quantiles of the measurement data. At 2 GHz the highest estimated worst-case WBSAR was 0.078 W/kg for a 20 year-old female subject with mass 45.8 kg and height 1.64 m, which us just below the ICNIRP basic restriction.
El Habachi et al (2010) find R 2 =0.88-0.95 for linear regression of worst-case WBSAR against inverse BMI at 2.1 GHz across six numerical phantom families with a linear coefficient of 1.1-1.6 (renormalized for 10 Wm -2 incident power). This compares to our R 2 of 0.78 across the whole study group at 2 GHz. We find a linear coefficient of 0.72±0.05 (p-value 4×10 -12 ) for average WBSAR with a non-zero intercept of 0.0187±0.0033 (p-value 3×10 -7 ). Assuming a worst-case to average WBSAR ratio of 1.6 these models are consistent for BMI -1 greater than about 0.04 while our model gives somewhat higher WBSAR at lower BMI -1 (50% higher at BMI -1 =0.02). This could be due to our study group being a somewhat underweight sample of the population. The negative correlation of average absorption cross-section with mean subcutaneous fat thickness above 1 GHz is broadly consistent with Hirata et al's (2010) finding at the whole-body resonance frequency, however, at 1 GHz we do not find a statistically significant linear coefficient. Note that Hirata et al's correlation with body fat percentage is normalised to inverse BMI whereas our correlation with mean fat thickness is normalised to surface area. Sandrini et al (2004) compared the worst-case WBSAR in grounded male and female phantoms from 0.1 to 4 GHz, though only using three male and two female phantoms. The results suggested higher worst-case WBSAR for females at 1-4 GHz. Our statistical distributions for average WBSAR of ungrounded subjects would only support higher WBSAR for females at 1 GHz; at 3 GHz and above the distributions of average WBSAR across the study group are very similar between males and females.
Conclusions
We have applied a fast, accurate and repeatable technique to measure the ACS, averaged over polarisation and angle of incidence, of 60 adult subjects at microwave frequencies of 1-12 GHz. This includes the 5-10 GHz band in which little data on ACS/WBSAR has been reported. We have shown how the average ACS varies with frequency and have demonstrated that it correlates well with body surface area, but that it only becomes directly proportional to BSA at 5 GHz and above. Average WBSAR correlates most strongly with inverse BMI at 3 GHz and above. We have also shown that the average absorption efficiency correlates most strongly with the estimated average fat layer thickness of the subjects out of all the morphological parameters considered.
Surrogate linear models for average ACS in terms of BSA, average WBSAR in terms of inverse BMI and average absorption efficiency in terms of mean fat thickness have been determined and compared to those determined from numerical phantom simulations. Our models cover a broader frequency range than previous studies and are based on a larger sample population of distinct individuals covering a wide range of morphologies. The maximum relative errors in our linear models at 2 GHz of ACS against BSA (-30%/+16%) and WBSAR against BMI -1 (-25%/+20%) are consistent with the observation of El Habachi et al (2010) that the relative error in surrogate models based on one external morphological parameter in numerical simulations is about 30%. The maximum relative error (-23/+17%) of the model based on estimated mean fat layer thickness was only marginally smaller, however, this model itself used an empirical model for fat mass determined from only external parameters.
We have compared the measurement results to the few other studies of average ACS/WBSAR and using a worst-case to average ratio estimated from the scaling behaviour in the high frequency limit (that is consistent with that found in numerical phantom studies) we have semi-quantitatively compared our average ACS results to the much broader literature on worst-case WBSAR. The maximum estimated worst-case WBSAR in the study group was at 2 GHz and was marginally below the ICNIRP basic restriction for exposure at the reference level. The dispersion of average ACS and WBSAR in the study group is generally consistent with the dispersion found from numerical simulation across multiple phantom families. However, being based on measurements of 60 real subjects -including the effects of variations in body shape, electrical parameters of tissues and internal anatomy -our results provide for the first time direct quantitative evidence of the variation in ACS and WBSAR across a real population. This opens the way for human exposure assessments made using particular numerical phantoms to be accurately calibrated for a particular population and also allows the position of reference levels to be quantified with respect to exposure variations due to morphological variations.
The technique could in principle be extended to lower frequencies if suitable antennas, network analyser and screened room were available. Extending down in frequency to encompass more of the mobile communication bands at 0.8-1 GHz is particularly desirable, though for much lower frequencies, the room would need to be larger in order to provide enough cavity resonances for a good reverberant environment.
